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1. Introduction {#ess238-sec-0001}
===============

Precipitation is one of the key uncertainties in the present understanding of the Earth\'s atmosphere‐ocean system. Particularly in numerical weather prediction and climate models, the representation of precipitation is currently one of the weakest links \[*Stephens et al.*, [2010](#ess238-bib-0047){ref-type="ref"}\], due in part to the deficiencies in the modeling of the underlying microphysical processes that govern the formation and growth of precipitation particles \[e.g., *Golaz et al.*, [2013](#ess238-bib-0005){ref-type="ref"}; *Suzuki et al.*, [2013](#ess238-bib-0048){ref-type="ref"}\].

The microphysics of atmospheric ice and snow is less well understood than that of liquid hydrometeors, largely because of the complexity and great variability of the particle physical properties, governed by the wider variety of growth processes. Atmospheric ice crystals and snowflakes can grow via vapor deposition, by sticking together to form larger snowflakes (i.e., aggregation) and by riming, wherein snowflakes collect supercooled water droplets, which freeze on contact with ice. Besides snowflake growth, the riming of snow is of importance for secondary ice particle formation \[*Hallett and Mossop*, [1974](#ess238-bib-0006){ref-type="ref"}\] and for wet removal of aerosols from the atmosphere \[*Poulida et al.*, [1998](#ess238-bib-0037){ref-type="ref"}\] and has an impact on the spatial distribution, extent and lifetimes of clouds and on precipitation efficiencies \[*Saleeby et al.*, [2011](#ess238-bib-0042){ref-type="ref"}\]. Moreover, the observed variability of the atmospheric melting layer (depth, peak‐to‐rain reflectivity, snow‐to‐rain velocity, backscatter differential phase, and radar signal attenuation) can be related to the degree of riming in the precipitating snow \[*Zawadzki et al.*, [2005](#ess238-bib-0059){ref-type="ref"}; *Trömel et al.*, [2014](#ess238-bib-0049){ref-type="ref"}; *von Lerber et al.*, [2015](#ess238-bib-0052){ref-type="ref"}\]. Icy precipitation is common in the high latitudes, but snowflakes also often form closer to the equator at high altitudes and later melt as they reach the higher temperatures closer to the surface.

One reason for the gap in the understanding of ice and snow processes is the lack of observational support for the ice microphysics models. The proposed representations of riming rely on assumptions derived mainly from laboratory studies \[*Lew et al.*, [1986a](#ess238-bib-0024){ref-type="ref"}, [1986b](#ess238-bib-0025){ref-type="ref"}\] and numerical simulations \[*Wang and Ji*, [2000](#ess238-bib-0054){ref-type="ref"}\]. In situ microphysical observations can be very challenging due to instrumental difficulties in the measurement of characteristics of individual ice and snow particles, including rimed mass. Furthermore, observations in the higher atmospheric layers require research aircraft and specialized equipment. Only a limited number of microphysical observations include investigations of the contribution of riming within different events \[e.g., *Reinking*, [1975](#ess238-bib-0039){ref-type="ref"}; *Mosimann et al.*, [1994](#ess238-bib-0034){ref-type="ref"}; *Barthazy and Schefold*, [2006](#ess238-bib-0001){ref-type="ref"}; *Stark et al.*, [2013](#ess238-bib-0045){ref-type="ref"}\].

Remote measurements are the only feasible way to implement truly global snowfall observations, but most remote sensing techniques cannot distinguish between the different growth processes, as the relationship between radar observables and microphysical quantities is nonunique. The uncertainties in linking the radar reflectivity with microphysics are related to the scattering calculations and the unknown details of particle structure. A better understanding of the structure of the growing snow particles is required in order to create a realistic particle model with varying densities and irregular morphologies \[e.g., *Petty and Huang*, [2010](#ess238-bib-0036){ref-type="ref"}; *Tyynelä et al.*, [2011](#ess238-bib-0051){ref-type="ref"}; *Tyynelä and Chandrasekar*, [2014](#ess238-bib-0050){ref-type="ref"}\].

Three‐frequency radar has been suggested as a technology that can reveal information about the shape of snowflakes, thus potentially identifying the processes that were responsible for their growth \[*Kneifel et al.*, [2011](#ess238-bib-0015){ref-type="ref"}\]. In this method, the joint behavior of two dual‐wavelength ratios (DWR), or ratios of radar reflectivities at different wavelengths, is examined. The use of the ratio of two reflectivities eliminates the effect of the number concentration and provides information about the snowflake size; adding a third frequency adds further information about the shape and structure. Together with the capability of radar to penetrate cloud and precipitation structures, and the ability to operate radars on board satellites, this method could enable global observations of these processes.

Experimental evidence for the feasibility of the triple‐frequency technique has been provided by *Leinonen et al.* \[[2012](#ess238-bib-0022){ref-type="ref"}\] and *Kulie et al.* \[[2014](#ess238-bib-0017){ref-type="ref"}\]. A key feature of these studies was to compare the behavior of detailed aggregate snowflake models to that of homogeneous spherical and spheroidal models. Their results demonstrated that the aggregate and spheroid models occupy different regions of the triple‐frequency space. However, their results also revealed many cases where the spheroidal snowflakes fit the observed triple‐frequency signatures better than the modeled aggregates. More recently, a modeling study by *Leinonen and Moisseev* \[[2015](#ess238-bib-0021){ref-type="ref"}\] showed that unrimed aggregate snowflake models cannot reproduce the spheroid‐like signatures. While the authors of those studies have speculated that riming might cause such signatures, with *Stein et al.* \[[2015](#ess238-bib-0046){ref-type="ref"}\] suggesting a reason as to why this may be the case, no concrete evidence to support this has so far been available.

In this study, we provide the first modeling results of radar scattering from rimed snowflakes generated with a combined riming‐aggregation algorithm. This algorithm generates volumetric three‐dimensional models of snowflakes, whose scattering properties are computed using the discrete dipole approximation (DDA) method. The results show that the riming clearly shifts the triple‐frequency signatures of the snowflakes, suggesting that triple‐frequency radar can be used to detect riming, and providing an explanation of the spheroid‐like signatures observed before.

2. Methodology {#ess238-sec-0002}
==============

2.1. Aggregation {#ess238-sec-0003}
----------------

In the midlatitudes, an important part of the total snowfall is in the form of aggregates \[*Hosler et al.*, [1957](#ess238-bib-0010){ref-type="ref"}; *Hobbs et al.*, [1974](#ess238-bib-0009){ref-type="ref"}\]. *Fujiyoshi and Wakahama* \[[1985](#ess238-bib-0003){ref-type="ref"}\], based on the observation results of snow aggregates, concluded that for precipitation rates below 4 mm h^−1^, riming is more important than deposition in increasing precipitation intensity, except for cloud layers at temperatures around −15^∘^C. *Harimaya and Sato* \[[1989](#ess238-bib-0007){ref-type="ref"}\] found that the contribution of riming to the total snowfall was higher than 50% during the examined snowfall event. Field experiments by *Mitchell et al.* \[[1990](#ess238-bib-0031){ref-type="ref"}\], *Borys et al.* \[[2003](#ess238-bib-0002){ref-type="ref"}\], and *McCormick* \[[2009](#ess238-bib-0029){ref-type="ref"}\], mainly in winter orographic precipitation, determined that the amount of accreted supercooled water can account for 20--50% of the total snow mass. In general, growth by deposition is expected to have a relatively small contribution to snowflake growth in the conditions of moderate‐to‐heavy riming. In contrast, the aggregation process can play an ess238 role in the precipitation growth via riming.

Using the aggregation model that was described in detail by *Leinonen* \[[2013](#ess238-bib-0019){ref-type="ref"}\], we generated volumetric three‐dimensional models of rimed aggregates of ice crystals. In this study, we concentrate on the effect of riming on the scattering properties; furthermore, *Leinonen and Moisseev* \[[2015](#ess238-bib-0021){ref-type="ref"}\] found that the crystal type has little effect on the triple‐frequency signatures. Accordingly, we only used one combination of crystal shape and size in this article: dendrites generated using the algorithm by *Reiter* \[[2005](#ess238-bib-0040){ref-type="ref"}\], with empirical size‐thickness relations of *Pruppacher and Klett* \[[1997](#ess238-bib-0038){ref-type="ref"}\], and maximum diameters *d* sampled from the exponential distribution $$p\left( d \right) = \lambda_{\text{cry}}\exp\left( - \lambda_{\text{cry}}d \right).$$ where the slope parameter is fixed at $\lambda_{\text{cry}}^{- 1} = 0.65$ mm. We selected dendrites because of their common occurrence in the atmosphere and their ability to aggregate efficiently. *McCormick* \[[2009](#ess238-bib-0029){ref-type="ref"}\] discusses the factors that can contribute to a large fraction of the observed snowfall being composed of dendritic crystals, even if the dendrites are expected to grow in a rather narrow temperature interval and only at water saturation conditions. The riming efficiency of dendrites is also expected to be relatively high "since they have more intricate small branches that enable them to capture droplets with higher efficiency" \[*Wang*, [2002](#ess238-bib-0053){ref-type="ref"}\]. The minimum and maximum size of the crystals were set at 0.1 and 3.0 mm, respectively, roughly reflecting the natural range of variability \[*Pruppacher and Klett*, [1997](#ess238-bib-0038){ref-type="ref"}\]. The assumption of fully dendritic crystals here is somewhat simplified: dendritic growth occurs only when the ventilation velocity exceeds a certain threshold \[e.g., *Keller and Hallett*, [1982](#ess238-bib-0013){ref-type="ref"}\], starting around a diameter of 0.15 mm and exhibiting significant dendritic features from about 0.4 mm up \[*Korolev et al.*, [2000](#ess238-bib-0016){ref-type="ref"}\]. However, at small sizes, the limited resolution of our volumetric models causes the crystals to lose detail, becoming more resemblant of sector plates in appearance.

The aggregation model takes a user‐specified number *N* of ice crystals as input and produces an aggregate by assembling them together using approximations of the physics of aggregate formation. To simulate the partial horizontal alignment of snowflakes in the atmosphere, the shortest principal axis of each aggregate is aligned at a normally distributed random angle, with a mean of 0^∘^ and a standard deviation of 40^∘^, following \[*Huang et al.*, [2010](#ess238-bib-0011){ref-type="ref"}\]. The aggregates are composed of cubic volume elements with a side of 40 μm each.

2.2. Riming Process {#ess238-sec-0004}
-------------------

The major addition to the aggregation algorithm was the ability to simulate the riming of the aggregates. The riming is reproduced by adding single ice volume elements to the bottom of the snowflake, one at a time. The droplets are added on the snowflake from below, effectively assuming that the droplet terminal velocity is negligible compared to that of the much larger snowflake. The position of the droplets on the horizontal plane is sampled from a uniform distribution over the horizontal cross section of the snowflake, thus neglecting aerodynamic effects that may cause rime to gather preferentially on different parts of the snowflake. We expect the error introduced by this approximation to be small, especially for heavier riming, because the snowflake is rotated due to aerodynamically induced tumbling as well as reoriented by the shifting of the mass distribution due to riming, causing the droplet distribution on the surface to even out over time. To simulate roughly the noninstantaneous freezing of supercooled water as it contacts the ice, the droplets are allowed to penetrate a predefined distance into the structure, if vacant space is available. We set the maximum penetration depth at 120 μm.

The small size of riming droplets limits the resolution of the model. The mode of frozen droplets on natural ice particles was at about 30 μm in the observations by *Nakaya* \[[1954](#ess238-bib-0035){ref-type="ref"}\]. The results presented by *Mosimann et al.* \[[1994](#ess238-bib-0034){ref-type="ref"}\] show two modes for planar (including dendrites) and columnar snow crystals, peaking at diameters of 20 and 60 μm, respectively. The mean droplet diameter collected by snowflakes rimed in mixed orographic clouds ranges between 10 and 18 μm \[*Lowenthal et al.*, [2011](#ess238-bib-0027){ref-type="ref"}\]. As the size of the volume elements in our model is 40 μm, somewhat larger than most of the diameters given above, the shape of the droplets cannot be modeled at finer than single‐element resolution.

Published studies propose different ways to quantify the accumulation of rime. *Mosimann et al.* \[[1994](#ess238-bib-0034){ref-type="ref"}\] proposed a scale of six degrees of riming based primarily on a visual rating of the rime coverage of the ice surface area. A quantitative parameter that is commonly used in literature is the rimed mass fraction. In our algorithm, the total amount of riming that a snowflake collects is controlled by the parameter that we term the effective liquid water path (ELWP). This is defined as *l* ~*e*~ = *l* *E* ~rim~; the physical liquid water path (LWP) *l* that the snowflake falls through, multiplied by the riming efficiency *E* ~rim~. In other words, the ELWP describes what the liquid water path would be, if riming 100% efficient. In reality, the efficiency for a given droplet size is dependent in a complex way upon the size, shape, density, and fall velocity of the snowflake, which change as riming proceeds \[*Lew et al.*, [1986a](#ess238-bib-0024){ref-type="ref"}, [1986b](#ess238-bib-0025){ref-type="ref"}; *Wang and Ji*, [2000](#ess238-bib-0054){ref-type="ref"}\]. The same ELWP may represent different LWPs for individual snowflakes, depending on their size, shape, and rimed fraction. The size of cloud droplets may also modify significantly the LWP represented by a given ELWP, as well. However, by fixing the ELWP, we ensure that the snowflakes receive roughly the correct rimed mass, even if our "droplets" are somewhat larger than they would realistically be. The variation of *E* ~rim~ in theory and experiments is summarized in the [supporting information](#ess238-supinfo-0001){ref-type="supplementary-material"} Text [S1](#ess238-supitem-0001){ref-type="supplementary-material"} and Figure [S1](#ess238-supitem-0001){ref-type="supplementary-material"}.

Considering that the size and velocity of the droplets are negligible in comparison to those of snowflakes, the mass *m* of a rimed snowflake grows at a rate $$\frac{dm}{dl_{e}} = A$$ where *A* is the cross‐sectional area of the snowflake, which is computed directly by projecting the snowflake on the horizontal plane. Generally, as mass increases, so does the area, which further increases the capability of the rimed snowflake to collect droplets. We account for this positive feedback by recalculating *A* repeatedly during the riming process. We also adjust the orientation of the particle as the distribution of mass within the snowflake changes, rotating it to the partial alignment described in [section 2.1](#ess238-sec-0003){ref-type="sec"}. The rimed aggregate generation algorithm is summarized in a flowchart in the [supporting information](#ess238-supinfo-0001){ref-type="supplementary-material"} Figure [S2](#ess238-supitem-0001){ref-type="supplementary-material"}.

2.3. Riming Scenarios {#ess238-sec-0005}
---------------------

In nature, riming occurs together with crystal growth by vapor deposition and with snowflake aggregation. The temporal order and the relative importance of these processes depend on the microphysical conditions of the particular case. In general, graupel can originate from rimed ice crystals, from their aggregates or from frozen drops. In snowstorms observed by *Reinking* \[[1975](#ess238-bib-0039){ref-type="ref"}\], the graupel formed primarily on rimed ice crystals, mostly planar and radiating crystals. Investigations of *Scott and Hobbs* \[[1977](#ess238-bib-0043){ref-type="ref"}\] point out that the primary sources of graupel embryos are rimed ice crystals in continental clouds, and frozen large drops after collisions with ice particles in maritime clouds. The formation of heavily rimed graupel‐like snow via riming growth of snow aggregates has also been shown to be important for reproducing the microphysical structures of lake‐effect storms \[*Iguchi et al.*, [2012](#ess238-bib-0012){ref-type="ref"}\]. We formulated three reference processes to represent different, somewhat idealized, growth scenarios for snowflakes.

First, we considered conditions where aggregation and riming are undergoing simultaneously in a population of ice crystals. In this scenario (denoted as riming model A), the ELWP that is collected by the snowflake is applied evenly during the aggregation process. For an initial ensemble of *N* ice crystals, there are a total of *N* − 1 collision‐aggregation events. Riming equal to an ELWP of *l* ~*e*~/(*N* − 1) is applied to each ice crystal, or cluster of crystals, separately after each such event. Hence, partially rimed snowflakes can still aggregate in this model.

In the second scenario (model B), we allowed the entire aggregation process to take place without any riming and subsequently applied the entire ELWP on the resulting aggregate. Such a scenario could occur when aggregation at higher altitudes depletes the number concentration of snowflakes and decreases their fall velocity dispersion \[*Mitchell et al.*, [2006](#ess238-bib-0032){ref-type="ref"}\] sufficiently such that no significant aggregation is taking place any longer once the snowflakes fall into a supercooled water layer. This process resulted in a smoother outer surface of the snowflake than the simultaneous riming process.

In the third scenario (model C), we instead sought to reproduce conditions where, in a layer of supercooled water, droplets freeze (perhaps as they contact an ice nucleus). After this, they begin to grow rapidly by collecting rime. In contrast to scenarios A and B, we only created single ice crystals or very small (number of crystals 1≤*N*≤5) aggregates, and produced different degrees of riming, and consequently differently‐sized rimed aggregates, by varying the ELWP. For the largest particles produced with model C, ELWP was roughly 6.0 kg m^−2^.

In models A and B, the ELWP is fixed, and therefore, the number of ice crystals in each snowflake controls their mass and size. On the other hand, in model C, the snowflake size is mainly determined by the amount of rime it collects before falling out of the supercooled water layer.

Figure [1](#ess238-fig-0001){ref-type="fig"} illustrates the change in snowflake shape with increased riming for model B. It is apparent that the most heavily rimed particles at *l* ~*e*~ = 2.0 kg m^−2^ have lost the features of the aggregates and become mostly shapeless. This demonstrates that the range of riming explored here covers the transition from unrimed aggregates to heavily rimed, graupel‐like snowflakes.

![The growth and deformation of the model snowflakes with riming at different values of the effective liquid water path. These snowflakes were generated using the process described for riming model B in [section 2.3](#ess238-sec-0005){ref-type="sec"}. Each cubic volume element is 40 μm wide, and all the snowflakes are on the same scale, as shown in the top left corner. The original, unrimed ice crystals are colored in each image in order to distinguish them from the ice formed by riming.](ESS2-2-346-g001){#ess238-fig-0001}

2.4. Snowflake Samples {#ess238-sec-0006}
----------------------

In scenarios A and B, the varying number of crystals per aggregate controls the mass and size of the snowflakes. These scenarios were explored at different degrees of riming, with ELWPs of 0.0, 0.1, 0.2, 0.5, 1.0, and 2.0 kg m^−2^. The choice of this range of values was motivated by values of LWP published in the literature: The average LWP derived by *Wang et al.* \[[2013](#ess238-bib-0055){ref-type="ref"}\] from satellite microwave radiometer and CloudSat radar data during 4 years for all snowing clouds was 0.074 kg m^−2^. The highest mean LWP was retrieved for horizontally extended shallow clouds and the lowest values for isolated shallow clouds. However, in general, the derived LWP distribution is broad, having a very large spread with the maximum reaching 1 kg m^−2^ for extended shallow and deep systems. The LWP values calculated in winter precipitation during the Light Precipitation Experiment (LPVEx) range from 0.030 to 0.625 kg m^−2^ \[*Lautaportti et al.*, [2012](#ess238-bib-0018){ref-type="ref"}\]. During the Towards an Optimal estimation based Snow Characterization Algorithm (TOSCA) project, devoted to snowfall observations, the derived LWP reached 0.8 kg m^−2^ \[*Löhnert et al.*, [2011](#ess238-bib-0028){ref-type="ref"}\]. For deep convective clouds, *Sheu et al.* \[[1997](#ess238-bib-0044){ref-type="ref"}\] report values of over 2.0 kg m^−2^, and *Rosenfeld and Woodley* \[[2000](#ess238-bib-0041){ref-type="ref"}\] observed a liquid water content of 1.8 g m^−3^ in temperatures above −38^∘^C, which translates to a LWP of 1.8 kg m^−2^ for a column height of 1 km (and much higher for typical cumulonimbus cloud heights).

In scenario C, the snowflake growth is driven primarily by the riming process, so only one data set was derived from this scenario.

We used the procedure described earlier by *Leinonen and Moisseev* \[[2015](#ess238-bib-0021){ref-type="ref"}\] to draw a sample from each data set: the interval between zero and the maximum diameter *D* ~max~ was divided into 55 size bins, and rimed aggregates were generated until each bin contained at least 10 of them. Hence, a sample of the rimed aggregates was obtained, roughly uniform in size. *D* ~max~ was set to 22 mm for scenarios A and B and to 8 mm for scenario C. The minimum size, $D_{\min}$, depends on the scenario: the lower limit is set by the minimum dendrite crystal size of 0.1 mm, but in scenarios A and B where the amount of riming was fixed for each data set, the riming process causes even the smallest snowflakes to grow considerably, and thus *D* ~min~ becomes larger, up to 2.8 mm at *l* ~*e*~=2.0 kg m^−2^ for both scenarios A and B. The diameter *D* was defined as the diameter of the minimum enclosing sphere of the rimed snowflake.

2.5. Scattering Properties {#ess238-sec-0007}
--------------------------

We computed the scattering properties of the snowflakes using the discrete dipole approximation (DDA), implemented in the ADDA software \[*Yurkin and Hoekstra*, [2011](#ess238-bib-0058){ref-type="ref"}\]. We computed the scattering properties at four frequencies: 9.7 GHz (X band), 13.6 GHz (Ku band), 35.6 GHz (Ka band), and 94.0 GHz (W band). For the sake of brevity, and to concentrate on triple‐wavelength analysis, the results of the X band computations are only shown in the [supporting information](#ess238-supinfo-0001){ref-type="supplementary-material"}. Orientation averaging was not performed individually for each particle, but since each snowflake is rotated to partial horizontal alignment as described in [section 2.1](#ess238-sec-0003){ref-type="sec"}, the snowflake ensemble as a whole can be considered orientation averaged. The complex refractive indices of ice at each frequency were interpolated from the tables of *Warren and Brandt*\[[2008](#ess238-bib-0056){ref-type="ref"}\].

The scattering computations for equivalent spheroidal snowflakes were performed with the T‐matrix method, using the toolkit of *Leinonen* \[[2014](#ess238-bib-0020){ref-type="ref"}\] based on the code of *Mishchenko and Travis* \[[1998](#ess238-bib-0030){ref-type="ref"}\]. The properties of the spheroids were determined as follows: First, we fitted relations for the axis ratio *f* and mass *m* of the aggregate models using the forms $$f = ar_{g} + b$$ $$m = \alpha^{\prime}r_{g}^{\beta^{\prime}}$$ where *a*, *b*, $\alpha^{\prime}$, and $\beta^{\prime}$ are fitted coefficients and *r* ~*g*~ is the radius of gyration, defined as $$r_{g} = \sqrt{\frac{1}{V}\int\limits_{V}\left( {\mathbf{r} - \mathbf{r}_{\text{CM}}} \right)^{2}d\mathbf{r}}$$ where the integral is taken over the particle volume *V* and **r** ~CM~ is the center of mass. Then for each spheroid diameter, we computed the axis ratio and the mass from [(3)](#ess238-disp-0003){ref-type="disp-formula"} and [(4)](#ess238-disp-0004){ref-type="disp-formula"}, respectively. Thus, the equivalent spheroid is defined as a spheroid with mass and radius of gyration equal to its corresponding aggregate. We found that matching the radii of gyration gave a better correspondence between backscattering properties of the spheroid and the detailed snowflake than either using a solid ice spheroid or a soft spheroid with a matched maximum diameter. The model of *Leinonen et al.* \[[2013](#ess238-bib-0023){ref-type="ref"}\] suggests a reason for this: the average distribution of mass within a snowflake is shown to follow the Gaussian distribution, whose width is determined by the standard deviation, which is equivalent to the radius of gyration computed one‐dimensionally. In practice, the radius of gyration can be difficult to measure, but the calculations from our model indicate that it can be estimated empirically from the maximum diameter as $$r_{g} = 0.287\; D.$$ with a root‐mean‐square relative error of 4.7%. With the mass, size, and axis ratio, and hence the density, determined, the corresponding effective refractive index was computed using the Maxwell‐Garnett effective medium approximation.

2.6. Triple‐Wavelength Analysis {#ess238-sec-0008}
-------------------------------

The dual‐wavelength ratio is defined as the ratio of the equivalent radar reflectivities at two different frequencies. To obtain these, we computed the equivalent reflectivity for the K~u~, K~a~, and W bands; this is defined as $$Z_{e} = \frac{\lambda^{4}}{\left. \pi^{5} \middle| K_{w}|^{2} \right.}\int\limits_{0}^{D_{\max}}\sigma\left( D \right)N\left( D \right)\; dD$$ where *λ* is the wavelength, *σ*(*D*) is the backscattering cross section, and *N*(*D*) is the particle size distribution. The dielectric factor *K* ~*w*~ is defined as $K_{w} = \left( n_{w}^{2} - 1 \right)/\left( n_{w}^{2} + 2 \right)$, where *n* ~*w*~ is the complex refractive index of water at the given frequency, determined in this work at 10^∘^C temperature.

Individual aggregates of similar size and mass can give different results for the backscattering cross section, which makes it somewhat complicated to compute the integral in [(7)](#ess238-disp-0007){ref-type="disp-formula"}, but it can be approximated using the sample average of the integrand, as discussed by *Leinonen and Moisseev* \[[2015](#ess238-bib-0021){ref-type="ref"}\]. For small diameters, backscattering cross sections are not available from the DDA models, as explained in [section 2.4](#ess238-sec-0006){ref-type="sec"}. For the purposes of computing the dual‐frequency ratios, the interval $\left\lbrack 0,D_{\min} \right\rbrack$ was filled in using the T matrix backscattering cross section *σ* ~TM~ (see [section 3.2](#ess238-sec-0011){ref-type="sec"}) for the same snowflake data set. Therefore, we used the approximation $$\begin{matrix}
{\quad\int\limits_{0}^{D_{\max}}\sigma\left( D \right)N\left( D \right)\; dD} \\
{\approx \int\limits_{0}^{D_{\min}}\sigma_{\text{TM}}\left( D \right)N\left( D \right)\; dD + \left( D_{\max} - D_{\min} \right)\mspace{460mu}\underset{D_{\min} \leq D \leq D_{\max}}{\langle{\sigma\left( D \right)N\left( D \right)}\rangle}} \\
{\approx \int\limits_{0}^{D_{\min}}\sigma_{\text{TM}}\left( D \right)N\left( D \right)\; dD + \frac{D_{\max} - D_{\min}}{N_{\text{agg}}}\sum\limits_{\substack{i = 1 \\ D_{\min} \leq D_{i} \leq D_{\max}}}^{N_{\text{agg}}}\sigma_{i}\; N\left( D_{i} \right)} \\
\end{matrix}$$ where the sum is taken over the *N* ~agg~ simulated snowflakes in the data set.

For the snowflake particle size distribution *N*(*D*), we used the exponential distribution $$N\left( D \right) = N_{0}\exp\left( - \Lambda_{s}D \right)$$ where *N* ~0~ is the intercept parameter and Λ~*s*~ is the inverse scale parameter. The triple‐wavelength curves shown in this paper are derived by varying Λ~*s*~, whose inverse $\Lambda_{s}^{- 1}$ controls the size of snowflakes in the distribution. Accordingly, the average size of snowflakes increases parallel to the triple‐wavelength curves. *N* ~0~ is a constant scaling factor and as such is eliminated when computing dual‐frequency ratios.

3. Results {#ess238-sec-0009}
==========

3.1. Microphysical Properties {#ess238-sec-0010}
-----------------------------

In naturally occurring snowflake growth by riming, the accreted droplets are attached to the bottom of the snowflake that is aerodynamically aligned to have its maximal dimension oriented roughly horizontally. This leads to an increase in its roundness, mass and density, but in the early stages of riming, this is not accompanied by a significant increase in the particle maximum size. Consequently, particle density remains a decreasing function of size: the prefactor *α* in the mass‐size power law $$m = \alpha D^{\beta}$$ increases, but the exponent *β* retains a value close to 2; *Westbrook et al.* \[[2004](#ess238-bib-0057){ref-type="ref"}\] present theoretical reasons for an exponent of exactly 2 for aggregation‐driven growth. Examples of field measurements that confirm the lack of increase in *β* for lightly and moderately rimed particles are given by *Morrison and Milbrandt* \[[2015](#ess238-bib-0033){ref-type="ref"}\]. The original shape of the particle is lost only when the rimed fraction becomes significant, and the aggregates of rimed crystals and heavily rimed aggregates become graupel‐like snow. For this type of particles, the mass‐size relationships reported by *Locatelli and Hobbs* \[[1974](#ess238-bib-0026){ref-type="ref"}\] still show a decrease of density with increasing size, since their *β* \< 2.5. A mass‐size exponent close to 3 describes lump and hexagonal graupel particles.

We determined mass‐size power laws of the form [(10)](#ess238-disp-0010){ref-type="disp-formula"}, where *α* and *β* were obtained by regression analysis, for the different types of rimed aggregates. These relationships are illustrated in Figure [2](#ess238-fig-0002){ref-type="fig"}. Notably, riming models A and B are seen to produce scaling exponents *β* between 2.0 and 2.5 (though usually closer to 2.0), while model C results in *β* = 3.36. This is due to the different dominant growth processes: The growth is driven by the aggregation process in models A and B and by riming in model C.

![The mass‐dimensional relationships of the rimed snowflakes studied in this paper. The different colors correspond to different ELWPs as shown in the legends. (a) For the snowflakes created with riming model A (simultaneous aggregation and riming). The fitted power‐laws are given in SI units on the bottom right. (b) As in Figure [2](#ess238-fig-0002){ref-type="fig"}a but for the snowflakes generated from model B (aggregation followed by riming). The results for model C are also shown in both figures, colored black.](ESS2-2-346-g002){#ess238-fig-0002}

An empirical value of *β* \> 3 is possible in scenario C because the riming also increases the roundness of the snowflake. Clearly, such growth could not continue indefinitely, as the density would eventually exceed that of solid ice, but Figure [2](#ess238-fig-0002){ref-type="fig"} shows that this exponent gives a good fit over the range of diameters studied here. Some models of graupel suggest that the particle density may increase with size because droplets can penetrate deeper into larger, faster‐falling particles, and such an assumption was incorporated into the parametrization of *Geresdi* \[[1998](#ess238-bib-0004){ref-type="ref"}\]; however, this is not reproduced in our model as the penetration depth is held constant. In any case, the *m*‐*D* relation obtained for our model C, *m* = 469*D* ^3.36^, agrees well with the experimental power law of *Heymsfield and Wright* \[[2014](#ess238-bib-0008){ref-type="ref"}, their equation (3)\], which gives *m* = 431*D* ^3.33^ when converted to SI units.

The difference between models A (simultaneous aggregation and riming) and B (where riming takes place after aggregation) is demonstrated by the differences in how the rimed fraction (the ratio of rimed ice mass to total ice mass) behaves with snowflake size, as shown in Figure [3](#ess238-fig-0003){ref-type="fig"}. The rimed fraction is not constant in either case. In model A, the rimed fraction first decreases with increasing size, as aggregation dominates growth, then tends toward values close to 1. The minimum is found around *D* = 3 mm. On the other hand, with model B, the rimed fraction decreases monotonically with size. Overall, model A produces significantly larger rimed fractions than model B.

![The behavior of the rimed fraction of snowflakes with size. The different ELWPs are color coded, as in Figure [2](#ess238-fig-0002){ref-type="fig"}. (a) For riming model A. (b) For model B.](ESS2-2-346-g003){#ess238-fig-0003}

3.2. Backscattering Properties {#ess238-sec-0011}
------------------------------

We computed the backscattering cross sections of the snowflakes and compared them with their equivalent spheroidal models. These are shown in Figure [4](#ess238-fig-0004){ref-type="fig"}; the results for the X band can be found in the [supporting information](#ess238-supinfo-0001){ref-type="supplementary-material"} Figure [S3](#ess238-supitem-0001){ref-type="supplementary-material"}.

![The backscattering cross section of snowflakes by size. The dots give the cross sections for the individual aggregates, while the solid lines show the backscattering cross sections for the equivalent spheroids, determined as described in [section 3.2](#ess238-sec-0011){ref-type="sec"}. Only the cases with effective liquid water paths of 0.0, 0.5, and 2.0 kg m^−2^ are shown. (a) For riming model A, at K~u~ band. (b) As in Figure [4](#ess238-fig-0004){ref-type="fig"}a but for riming model B. (c and d) As in Figures [4](#ess238-fig-0004){ref-type="fig"}a and [4](#ess238-fig-0004){ref-type="fig"}b but for K~a~ band. (e and f) As in Figures [4](#ess238-fig-0004){ref-type="fig"}a and [4](#ess238-fig-0004){ref-type="fig"}b but for W band. In each figure, the result from riming model C is shown in black for comparison.](ESS2-2-346-g004){#ess238-fig-0004}

The homogeneity of the scatterer in the spheroid approximation causes the backscattering cross section to saturate at much smaller sizes. In detailed snowflake models, structural features exist at scales much smaller than the particle size, therefore avoiding such saturation. The effects of small inhomogeneities on the behavior of the backscattering from snowflakes were discussed in the unrimed case by *Leinonen et al.*\[[2013](#ess238-bib-0023){ref-type="ref"}\]. Previous studies \[e.g., *Leinonen et al.*, [2012](#ess238-bib-0022){ref-type="ref"}\] had speculated that the backscattering properties of rimed snowflakes would resemble those of spheroids because the structure of rimed snow is more homogeneous. The results presented here for models A and B seem to contradict those expectations: The correspondence between aggregates and spheroids seems to break down at least as rapidly for rimed snowflakes as it does for the unrimed ones. As seen before for unrimed snow by, e.g., *Tyynelä et al.* \[[2011](#ess238-bib-0051){ref-type="ref"}\], the difference between the detailed rimed aggregate and the equivalent spheroid can be up to 2 orders of magnitude for snowflake sizes larger than the wavelength *λ*. In general, the breakdown between the two models occurs at *D*≈*λ*/2 for unrimed snow. For rimed snow, this happens somewhat earlier, which is probably because of the higher density in dense rimed particles resulting in a higher effective refractive index.

With model C, on the other hand, the backscattering cross section of the graupel‐like particles generated by it agree with the results for the spheroids relatively well throughout the size range up to 8 mm, even at the W band. Interestingly, the DDA model results from these particles show signs of resonances, which occur around *D* = 7.4 mm at the Ka band and at *D* = 2.9 mm at the W band. The magnitude of these resonance effects appears to be similar to those exhibited by the spheroid models, although their locations of are not aligned.

3.3. Triple‐Frequency Signatures {#ess238-sec-0012}
--------------------------------

The triple‐wavelength plots for the snowflakes are shown in Figure [5](#ess238-fig-0005){ref-type="fig"}. The curves are derived by computing the reflectivity for each band using [(7)](#ess238-disp-0007){ref-type="disp-formula"}, [(8)](#ess238-disp-0008){ref-type="disp-formula"}, and [(9)](#ess238-disp-0009){ref-type="disp-formula"}, varying the characteristic size $\Lambda_{s}^{- 1}$ between 0 and 11 mm (models A and B) or 0 and 4 mm (model C), and then plotting the relation of two dual‐wavelength ratios as a function of Λ~*s*~. An alternative plot, using the X band instead of the Ku band, can be found in the [supporting information](#ess238-supinfo-0001){ref-type="supplementary-material"} Figure S4.

![Triple‐wavelength plots for the rimed aggregates. The dual‐wavelength ratios are computed for exponential size distributions; the characteristic size $\Lambda_{s}^{- 1}$ increases parallel to the curves. The dashed lines show areas where the spheroids that are used to model small particles contribute more than 25% of the total reflectivity. The shaded area encloses the region occupied by homogeneous spheroidal snowflake models. (a) For riming model A. (b) For model B.](ESS2-2-346-g005){#ess238-fig-0005}

Despite the different microphysics, the overall behavior of the DWR curves with increasing ELWP is the same for both riming models A and B: DWR~Ka/W~ peaks at approximately 8 dB for unrimed and lightly rimed snowflakes, and the riming does not have much effect on the curves until the ELWP reaches 0.5 kg m^−2^. LWPs of this magnitude have been reported in field experiments by, for example, *Wang et al.* \[[2013](#ess238-bib-0055){ref-type="ref"}\] for a shallow precipitating cloud and by *Kneifel et al.* \[[2010](#ess238-bib-0014){ref-type="ref"}\] for the TOSCA campaign. For higher ELWP, the peak DWR~Ka/W~ increases further to 14 dB (model A) or 13 dB (model B). Heavier riming also causes the DWR~Ku/Ka~ to increase less rapidly with increasing DWR~Ka/W~. Model C produces a peak DWR~Ka/W~ of approximately 12 dB. The curve from this model is very similar to those given by models A and B at an ELWP of 1.0 kg m^−2^.

Unlike the unrimed aggregates, the triple‐frequency signatures of the heavily rimed snowflakes, as well as the variable‐riming snowflakes of model C, reside mostly in the region of the triple‐wavelength plots that earlier studies have found to contain the spheroidal snowflakes. This is true even for the heavily rimed aggregates from models A and B, whose backscattering cross sections do not agree with those of their spheroidal approximations.

4. Discussion and Conclusions {#ess238-sec-0013}
=============================

This article documents the first results of radar backscattering by rimed snowflakes modeled with a snowflake generation algorithm that includes both aggregation and riming. We present results for three different idealized riming scenarios: aggregation growth simultaneous with riming (A), aggregation growth followed by riming (B), and riming‐driven growth (C). While models A and B are microphysically different, they exhibit remarkably similar radar scattering properties, both in the absolute values of the backscattering cross section and in their triple‐frequency signatures. Meanwhile, model C produces backscattering cross sections that are larger than those of the particles of the same size from models A and B; despite this, its triple‐frequency signature is very similar to heavily rimed aggregates from models A and B.

The results highlight the importance of the underlying snow growth process to the backscattering properties of snowflakes. The backscattering cross sections of the rimed snowflakes can be orders of magnitude higher than those of unrimed ones of the same size. Furthermore, even the details of the riming process can cause differences between bulk microphysical properties such as the mass‐diameter relationship and consequently also the backscattering properties: models A and B generate snowflake ensembles with mass‐diameter exponents of roughly 2, while model C gives rise to an exponent larger than 3. Consistently with this, the backscattering cross section of snowflakes from model C increases more rapidly with size than those from models A and B.

Riming seems to have a robust signal in the triple‐frequency signatures, shifting them to larger DWR~Ka/W~ for large rimed aggregates and to smaller DWR~Ku/Ka~ for smaller ones. Despite the microphysical differences, the joint behavior of DWR~Ka/W~ and DWR~Ku/Ka~ is consistent across all riming models studied. For heavily rimed particles, DWR~Ka/W~ peaks around 12--14 dB for sufficiently large snowflakes, in agreement with the observations of *Leinonen et al.* \[[2012](#ess238-bib-0022){ref-type="ref"}\] and *Kulie et al.* \[[2014](#ess238-bib-0017){ref-type="ref"}\]. Additionally, models A and B produce very similar backscattering properties in spite of their different rimed fractions.

While the riming signal is quite robust in ideal conditions, errors that may bias the reflectivity must be properly accounted for in order to correctly identify the presence of riming from radar observations, as the magnitude the signal is fairly modest. The most important potential error source is likely to be attenuation, which is typically weak in dry snow, but can increase significantly in the presence of riming due to the absorption by supercooled liquid water, the amount of which is typically difficult to constrain. In many applications, radar beam collocation between the different frequencies is also an issue. If the radars are able to scan, beam matching can often be achieved in postprocessing by spatially averaging data at the cost of resolution. Furthermore, the studies of *Leinonen et al.*\[[2012](#ess238-bib-0022){ref-type="ref"}\], *Kulie et al.* \[[2014](#ess238-bib-0017){ref-type="ref"}\], and *Stein et al.* \[[2015](#ess238-bib-0046){ref-type="ref"}\] have reported spreads of the order of 1--2 dB in their observations. This can translate to quite significant differences in retrieved ELWP but is still clearly smaller than the dynamic range of the riming signal, up to 6 dB in this study.

Earlier work identified measured triple‐frequency signatures that previous modeling studies found incompatible with unrimed aggregates and could only explain them with the uniform spheroid shape approximation. The modeling results obtained in this study strongly suggest that these signatures can be attributed to rimed snow, confirming the earlier conjectures that this was the case. It was also previously suggested that the triple‐frequency signatures of rimed snowflakes and spheroids are similar because riming would make snowflake structure more homogeneous, thus causing them to resemble the homogeneous "soft" spheroids. Our results indicate that this view is incomplete. The backscattering cross sections of the rimed snowflakes from model C did agree with those of the spheroids, but the results for heavily rimed aggregates from models A and B diverged from the spheroids by roughly as much as the unrimed aggregates did. Regardless, models A and B produced triple‐frequency signatures that were mostly in the spheroid regime.

In earlier work, *Stein et al.* \[[2015](#ess238-bib-0046){ref-type="ref"}\] connected the saturation value of DWR~Ka/W~ to the fractal dimension and, consequently, the mass‐size exponent *β*. Our results indicate that even heavy riming need not necessarily be characterized by *β*≈3, as has been commonly assumed, although in practice this is usually the case. When multiple processes with different fractal characteristics (here, aggregation and riming) contribute to snowflake growth, the description of the structure using a single fractal dimension may be too simplistic. It is encouraging, however, that it appears possible to detect riming with triple‐frequency radars, regardless of the originating process.

The identification of triple‐frequency radars as instruments that can remotely detect the signal of snowflake riming further adds to their promise for spaceborne observations of global clouds and precipitation. Over the last few years, collocated radars at three frequencies have been operated simultaneously in several experiments, such as that by *Stein et al.* \[[2015](#ess238-bib-0046){ref-type="ref"}\] at Chilbolton, England, and at the Atmospheric Radiation Measurement (ARM) Mobile Facility 2 in Hyytiälä, Finland. These field experiments should be expanded in the future to cover different climates and snow types. Together with the modeling efforts, they support the verification of the triple‐frequency techniques and contribute to the eventual objective of developing a quantitative three‐frequency snowfall retrieval algorithm.
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